Abstract A new dispersion map is designed for threelevel code division multiplexing (3LCDM) of a 40 Gb/s (2×20 Gb/s) over 500 km (5×100 km) standard single mode fiber. The results show that an 87.5 % dispersion compensation ratio was the optimum map for the 3LCDM system. The system performance is improved by 6 dB in optical signal-tonoise ratio, 6 dB in receiver sensitivity and 3 dB in self-phase modulation threshold. Based on these improvements, the 3LCDM performance is comparable to the available multiplexing and modulation techniques while offering simpler transmitter and receiver architecture.
long haul telecommunication links [1] . In order to achieve good performance in fiber optic transmission systems, fiber impairment management is an important task. One of the challenges is light attenuation, which weakens the optical signal along the transmission. However, loss management has been improved by the development of low loss optical fibers [2, 3] and low noise figure amplifiers [4] with high flat gain. Dispersion and nonlinear effects also can be detrimental in optical communication [1] . These effects are interesting in themselves and can be detrimental in optical communications, but they can be combined to improve the performance of the system. Optical nonlinearities e.g self-phase modulation (SPM) gives rise to ubiquitous effects in optical fiber which is a serious disadvantage in optical communication. Furthermore dispersion leads to degradation of the signal quality at the output due to overlapping of the adjacent pulses [5] . But accurate dispersion management can easily mitigate the effect of SPM and will improve the performance of the system [6] .
During the last few years, a lot of research has been invested for the development of electronic devices equipped with advanced signal processing techniques for the dispersion compensation of optical transmission systems. Compared to their all-optical counterparts, electronic compensation increases flexibility and gives a new impetus to transparent optical networks for adaptive and dynamic handling in cases where the total accumulated dispersion is not known in advance [7] Since 1980, dispersion compensation fibers (DCFs) have been used for mapping and managing dispersion compensation in optical communications [8] . Although new dispersion-shifted fibers and dispersion-flattened fiber have been developed and implemented in some applications, they are still costly and require new fiber cable installment, which tends to increase the system cost [8, 9] . The optimal dis-persion map depends on data rate, modulation format and the length of system dispersion compensator on wavelength division multiplexing (WDM) system performance [9] . As various lengths of DCF are required for comparing various dispersion conditions, experimental surveys on the dispersion map effects would be problematical [10, 11] .
Three-level code division multiplexing (3LCDM) is introduced for the first time in [12, 13] as an alternative multiplexing for optical communication. 3LCDM is a multiplexing technique that exploits the advantages of non-return to zero (NRZ) and return to zero (RZ) formats by combining them into one single code. As discussed in [12, 13] 3LCDM uses XOR gate as demultiplexing, that this make it is more suitable in implementation and less cost in compare to the other technique that was discussed here. The clock and the data recovery consisting the X-OR gate are used in to the retrieve both original signals. It needs to be highlighted that the implementation of this system is simplified because of this clock recovery. In comparison to other modulation techniques e.g. M-ary Amplitude-Shift-Keying (ASK) and AM-PSK poly binary the proposed multilevel technique can offer better spectral efficiency [14] , so these systems can improve the performance of chromatic dispersion [15] . 3LCDM system has intrinsic sensitivity penalty as compared to the binary signals, due to fragmentation of the main eye to smaller eyes [16] . Another multiplexing technique that can support multiple users per WDM channel is duty cycle division multiplexing (DCDM) [17] . 3LCDM technique is quite similar to DCDM technique in the encoding process, but with unique properties for its decoding part. In terms of capacity, 3LCDM is designed for two users per channel only while DCDM can support more than two users per channel [17, 18] . However, looking at both systems' performance for the same number of users (i.e., two users per channel), 3LCDM has a few advantages compared to DCDM. 3LCDM system uses only RZ and NRZ line coding [12, 13] . However, in DCDM technique, the usage of RZ at different percentages [17, 18] of the duty cycle makes the system more complex. Another drawback of DCDM is the use of a guard band in the system's clock recovery [17, 18] , thus requiring more bandwidth than 3LCDM clock recovery. Therefore, 3LCDM is chosen in this study to be explored and improved.
By applying periodic dispersion compensation using dispersion compensation fiber (DCF) along with standard single-mode fiber (SSMF), the dispersion influence can be suppressed [19] . A preliminary dispersion compensation scheme in other systems based on symmetric dispersion map has been examined by [19, 20] . Meanwhile three kinds of dispersion maps for orthogonal frequency-division multiplexing (OFDM) system were investigated by Forozesh [21] . The first method uses no inline or pre-dispersion compensation; the second method is fully periodic, which means that the chromatic dispersion and dispersion slope are fully compensated after each span of the standard single mode fiber (SSMF) by an inline DCF; and the third method employs 10G optimized dispersion map, which it is commonly used in commercial 10 Gb/s transmission systems. This dispersion map consists of −510 ps/nm pre-dispersion compensation and an inline under-compensation. The performance of 40 WDM channels carrying 10 Gb/s RZ data using 3000 km SSMF transmission link and two-stage erbium doped fiber amplifier (EDFA) amplification was investigated by Choi [20] . The performances of 15 different dispersion maps were compared with optimized post-transmission dispersion, changing both precompensation and span compensation conditions. However, to date, there is no study on developing an optimum dispersion map for the 3LCDM, which is the goal of the current research. Therefore, in this study, the optimum map for 3LCDM system is investigated and compared with the conventional 3LCDM system.
Theory of 3LCDM technique

3LCDM encoding and decoding theory
The amplitude voltage value of both users of 3LCDM is integrated in encoding at every half-bit. Table 1 summarizes four possibilities of the encoded symbol where 'T x ' is the binary value while 'CT x ' is the voltage value for the related format. In other words, T x ∈ [0, 1] where CT x represents any continuous values Each of these possibilities includes specific information for the NRZ and the RZ data that can be used to decode both signals. For instance, if user 1, modulating the signal 
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Fig. 1 Threshold method in 3LCDM signals
in the NRZ format sends binary '1' (E E), while user 2 (i.e. modulates the signal in the RZ format) sends binary '1' (E0), then 3LCDM encoder yields '2E E' Volts. The relationship between the transmitted and the related received signals in the 3LCDM is described in Table 2 . The domain of the voltage values of the transmitted signals is {0, E, 2E} whereas the voltage value of the received signals is
At the receiver, the received signals CRx are quantized into two voltage levels which are D U for the upper threshold and D L for the lower threshold (shown in Fig. 1 ). The received signal in the voltage domain is compared to the thresholds. Figure 1 illustrates the threshold method in the 3LCDM system.
According to Fig. 1 , the output from the threshold, T is given in Table 3 : 
The relationship between the received signal and the threshold outputs is given in Table 4 :
In order to relate received signals and threshold outputs, two functions can be derived that recover both the original data of NRZ and RZ. These functions are as follows [11, 12] :
t ∈ even number where ⊕ is an X − OR operation (2)
BER estimation for 3LCDM
Performance of the system is evaluated by the bit error rate (BER) of channels at the receivers. The BER calculation of 3LCDM system has significant difference to those used in binary conventional communication receivers. Assuming Gaussian noise with the standard deviations and the probability error of lower bound is:
where: P eL0 and P eL1 are the probabilities of the symbols 0 and 1, M is the number of samples for the logical 0, and N is the number of samples for the logical 1. The P eL0 is defined as Eq. 4:
where μ 0 , μ 1 are average values and σ 0 , σ 1 are standard deviations of the sampled values of 0, 1 respectively, and S L is the lower threshold value. The P eL1 is defined as in Eq. 5:
123 Fig. 2 Simulation setup of 3LCDM by dispersion map
The probability of error of upper bound of 3LCDM is P eU , calculated from Eq. 6:
Probability error P eU 1 and P eU 2 are the probabilities of the symbols 1, 2 that calculated from Eqs. 7 and 8 separately. N is the number of samples for logical 1 and K is the number of samples for logical 2. σ 1 , σ 2 are standard deviations of the sampled values of symbols 1, 2 respectively, and S u is the upper threshold value.
The BER estimation method is validated by simulation and compared against bit to bit comparison method. Figure 2 illustrates the simulation setup of the proposed 3LCDM system for multiplexing two users. 3LCDM uses RZ and NRZ to differentiate two users in one channel. Each user operates at 20 Gb/s and is multiplexed to form a 40 Gb/s aggregate bit rate. Figure 2 shows 3LCDM simulation setup with dispersion map. Data1 and Data2, each at 20 Gb/s with PRBS 2 10 −1, are shaped with one electrical NRZ and one RZ pulse generator. Through a power combiner, the users' data are multiplexed, which added up the amplitude of the input signals as they are synchronized together. The output of the multiplexer is modulated by a Mach Zehnder modulator, where the source of light is generated from the distributed feedback (DFB) laser with 10 MHz line width operating at the 1552.5 nm wavelength.
Simulation setup
By using a PIN photodiode at the receiver, the optical signal is detected and passed through a low pass filter followed by a demultiplexer made up of a clock and data recovery. The Gaussian low-pass filter is set at 35 GHz to eliminate photo detector noise. In this simulation, the PD responsivity is set at 0.8 A/W, and the dark current is 10 nA. As illustrated in Fig. 2 , EDFA with 5 dB of noise is placed on either side of the DCF to minimize the noise impact of the compensator insertion loss. The SSMF and DCF fiber parameters used are based on commercially available fibers (see Table 5 ). In this paper, the dispersion map is applied to a 3LCDM system as shown in Fig. 2 . Dispersion compensation fibers can be used as a part of the transmission span. Each span is composed of pre-DCF and 100 km of SSMF, followed by another DCF. These two DCFs (i.e. pre-and post-) have two-stage EDFA amplification. The variable in this link is the length of both DCFs in each span. The simulation is performed using OptiSystem software and Matlab.
The simulations include the impact and interactions of attenuation, SPM and chromatic dispersion. Eye diagram in Fig. 3 shows the effect of chromatic dispersion on 3lcdm technique in long haul high bit rate optical transmission system.
Based on Table 5 , the optimized percentage of Post and pre-compensation was chosen in order to achieve the best performance of the system. Finally, BER values at the receivers were optimized through setting the length of the final DCF section. Launched power management is one of analytical parts of the transmission link that is important for dispersion map.
In this simulation, power levels can be controlled and fixed by adjusting the powers of optical amplifiers before the SSMF and the DCFs in each span. The power into the SSMFs should be higher than the power into the DCFs, due to the higher nonlinear index of DCF. To avoid the nonlinear effect, the launch power into all SSMFs and DCFs are fixed at 2 and -8 dBm, respectively. The periodic dispersion map is the one of the most suitable maps that can be used for 3LCDM system. By modifying the length of SSMF and DCF, periodic dispersion conditions are provided. This can reduce the impact of nonlinear effects significantly, because pulses broaden in the first section and compress in the second.
To find the optimized dispersion map of the 3LCDM system, the length of both pre and post DCF are varied in each span. Ten different span compensation ratios are investigated (i.e. at 80, 82.5, 85, 87.5, 90, 92.5, 95, 97.5, 100 and 102.5 %); 100 % dispersion compensation means dispersion of 100 km of SSMF is compensated (100 %) in each span. In 87.5 % of dispersion compensation ratio we used 14.6 km of DCF which can offer dispersion compensation of 1465 ps/nm (87.5 % of total dispersion).
By choosing suitable lengths of DCF based on the data in Table 5 , the optimized combination of pre-and postcompensation were selected. Figure 4 shows the BER as a function of dispersion pre-compensation for 3LCDM (considering the worst channel), where the BER can be improved from 10 −3 in 100 % post-compensation to 10 −21 using 87.5 % of dispersion pre-compensation. This amount of pre-compensation value improves the performance as the accumulated SPM is reduced.
Trade-off between SPM and dispersion should be taken into account in order to find the optimum condition in the dispersion map. Nonlinear effects play an important role in dispersion-managed systems. In contrast to 87.5 % pre-compensation, 100 % compensation will not reduce the accumulated SPM therefore the performance of the system will be degraded.
As illustrated from Fig. 4 , 102.5 % of span compensation with periodic DCF has large dispersion deviations and poor BER value. When the accumulated dispersion returns to zero, the chirp that SPM induces at this point prevents the expected pulse contraction. Based on the graphs, 100 % span compensation does not give the best BER value despite having the lowest dispersion deviation. As can be seen from Fig. 4 the BER of 100 % span compensation, is higher than other configurations. The accumulation of phase distortion from SPM is the main reason for the degraded performance of 100 % dispersion. Under-compensation has less average dispersion deviation than over-compensation. As residual dispersion remains after each span, 87.5 % span compensation is giving better performance.
According to [21] , a fully periodic map has better performance compared to pre-dispersion compensation in OFDM. Using no pre-compensation and 102.5 % span compensation, best performance was achieved in [20] . According to the comparison between dispersion maps of different systems, we can conclude that each system has a different map. Figure 5 presents the summarized final results, plotting the total dispersion against transmission distance and showing the dispersion maps of the center wavelength channel. Figure 5 illustrates the amount of dispersion compensations of the configurations with less than 100 % compensation ratio that applied periodically along the transmission line are exactly the same. Based on both Figs. 4 and 5, it can be concluded that 87.5 % span compensation is the optimum.
Applying 3LCDM with optimum dispersion map on WDM
According to the results in the previous section, choosing a dispersion map with 87.5 % ratio is the optimum condition for calculating the performance of 3LCDM and applying it in a WDM single channel. Figure 6a , b show the optical signalto-noise ratio (OSNR) and receiver sensitivity of a 2 × 20 Gb/s 3LCDM system with the optimum dispersion map and the conventional 3LCDM, respectively. Figure 6a , b illustrate the compression OSNR and receiver sensitivity for the conventional 3LCDM (100 % pre dispersion) and after applying optimized dispersion map. According to the results, at BER of 10 −9 , the 3LCDM system optimized with the optimum dispersion map requires around 21.27 dB OSNR; this is around 6 dB better than the conventional 3LCDM, which required an OSNR of around 27.27 dB. Figure 6b shows the receiver sensitivity achieved for the 3LCDM with optimum dispersion map compared to best user performance of conventional 3LCDM. From this, it can be concluded that 3LCDM with optimized dispersion map has 6 dB improvement on the conventional 3LCDM.
The effect of SPM on the performance of 3LCDM over different launch powers to SSMF is investigated for (i) symmetric full pre-compensation, (ii) symmetric full postcompensation and (iii) periodic dispersion compensation maps with the ratio of 87.5 % compensation. In this simulation, the launch power into DCFs is fixed at −8 dBm. Figure 7 shows the effect of SPM on the performance of the 123 worst system user of 3LCDM after applying these three kinds of dispersion maps mentioned earlier.
Based on Fig. 7 , the SPM effect on the performance of 3LCDM is investigated by setting the pre DCF length as 100 % of pre-compensation and the post DCF length as 100 % of post-compensation and the pre and post DCF length for periodic compensation at 87.5 %. All in line DCFs length are fixed for 100 % pre-and post-compensation at 16.75 km and for periodic dispersion compensation maps with the ratio of 87.5 % compensation, the DCFs length are set at 14.65 km in each span. In these compensation schemes, the minimum power required to be launched into SSMF to satisfy BER 10 −9 is around −11, −7, and −5 dBm for full pre-compensation, 87.5 % pre-as well as post-compensation and 100 % post-compensation, respectively. Furthermore, the SPM threshold at the reference of BER is around 7.5, 10.5, and 13.5 dBm for 100 % pre-compensation, 100 % post-compensation and 87.5 % pre-and post-compensation. According to these results, the SPM threshold in the case of 87.5 % dispersion compensation is improved by around 6 and 3.5 dB compared to the fully dispersion pre-and postcompensation, respectively. The highest SPM threshold is achieved for the 87.5 % pre-and post-dispersion compensation. Moreover, a wider range of power into SSMF can be supported when applying the 87.5 % dispersion compensation map. These results show that the SPM effect is dominant for full dispersion compensation.
Conclusion
This research shows an efficient dispersion map for improving the performance of the 3LCDM system. Launch power into SSMF and the DCF section of each span were optimized for nonlinear effects and amplifier noise at 2 and −8 dBm, respectively. The performances of ten ratios of the dispersion map were compared by BER. The results show that the combination of pre-and post-dispersion compensation is the best scheme to be used in this system. Considering 87.5 % dispersion compensation scheme, the performance of 3LCDM has been enhanced and significantly important to be used WDM system.
